Rationale: We report on a stroke patient who showed change of the ascending reticular activating system (ARAS) concurrent with recovery from a vegetative state (VS) to a minimally conscious state (MCS), which was demonstrated on diffusion tensor tractography (DTT).
Introduction
Human consciousness consists of arousal and awareness, which is controlled by action of the ascending reticular activating system (ARAS). Vegetative state (VS) is a condition of preservation of arousal with complete unawareness of self or environment, while a minimally conscious state (MCS) is a condition in which minimal self or environmental awareness is demonstrated. [1] [2] [3] Elucidation of the neural structures involved in the recovery from VS to MCS has been an important topic in neuroscience because it can provide useful information for prediction of prognosis of VS and guidelines for neurorehabilitation in patients with VS. Several studies have reported on this topic; however, it has not been clearly elucidated so far. [4] [5] [6] [7] [8] In this study, we report on change of the ARAS concurrent with recovery from a VS to an MCS in a stroke patient.
Case report
A 59-year-old male patient underwent CT-guided stereotactic drainage 3 times for management of intracerebral hemorrhage (ICH) and intraventricular hemorrhage (IVH) from onset and ventriculoperitoneal shunt operation for hydrocephalus at 6 weeks after onset at the department of neurosurgery of a university hospital (Fig. 1A) . After 4 months from onset, he was transferred to the rehabilitation department of the university hospital (Fig. 1B) . The patient showed impaired consciousness, with a Glasgow Coma Scale (GCS) score of 6 (eye opening: 2, best verbal response: 1, and best motor response: 3) and a Coma Recovery Scale-Revised score of 2 (auditory function: 0, visual function: 0, motor function: 1, verbal function: 0, communication: 0, and arousal: 1). [9, 10] He underwent comprehensive rehabilitative therapy, which included neurotropic drugs (modafinil, methylphenidate, amantadine, levodopa, zolpidem, and baclofen), physical therapy, and occupational therapy.
[11] After 1-month rehabilitation at the university hospital, he underwent rehabilitation including the same neurotropic drugs at another rehabilitation hospital. His consciousness had recovered with the passage of time. At 10 months after onset, his GCS score had recovered to 11 (eye opening: 4, best verbal response: 1, and best motor response: 6) with a Coma Recovery Scale-Revised score of 20 (auditory function: 4, visual function: 5, motor function: 6, verbal function: 1, communication: 1, and arousal: 3) (Fig. 1C) . As a result, he was able to perform rock-scissors-paper using his right hand according to verbal command. The patient's wife provided signed, informed consent, and the study protocol was approved by our Institutional Review Board.
Diffusion tensor imaging
DTI data were acquired 2 times (4 and 10 months after onset) using a 6-channel head coil on a 1.5-T Philips Gyroscan Intera (Philips, Best, the Netherlands) with single-shot echo-planar imaging. Imaging parameters were as follows: acquisition matrix = 96 Â 96, reconstructed to matrix = 192 Â 192, field of view = 240 Â 240 mm 2 , the repetition time = 10,398 ms, the echo time = 72 ms, parallel imaging reduction factor (SENSE factor) = 2, echo-planar imaging factor = 59, b = 1000 s/mm 2 , slice gap = 0 mm, and a slice thickness = 2.5 mm.
The Oxford Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library was used for analysis of DTI data. Affine multiscale 2-dimensional registration was used for correction of head motion effect and image distortion due to eddy current. FMRIB Diffusion Software (Oxford, United kingdom) with routines option (0.5-mm step lengths, 5000 streamline samples, and curvature thresholds = 0.2) was used for fiber tracking. Three portions of the ARAS were reconstructed by selection of fibers passing through regions of interest (ROIs). For analysis of the dorsal lower ARAS, the seed ROI was placed on the pontine reticular formation (PRF) at the level of the trigeminal nerve entry zone and the target ROI was placed on the thalamic intralaminar nucleus (ILN) at the level of the commissural plane. [12] For reconstruction of the ventral lower ARAS, the seed ROI was placed on the PRF and the target ROI was placed on the hypothalamus. [13] For analysis of the connectivity of the thalamic ILN, the seed ROI was placed on the thalamic ILN. [12] Out of 5000 samples generated from the seed voxel, results for contact were visualized at a threshold for the ARAS of a minimum of 2 and for connectivity of the thalamic ILN of 15 streamlined through each voxel for analysis.
On 4-month diffusion tensor tractography (DTT), decreased neural connectivity of the upper ARAS between the thalamic ILN and the cerebral cortex was observed in both prefrontal cortexes, right parietal cortex, both basal forebrain, and right thalamus (Fig. 2) . The lower dorsal ARAS between the PRF and the ILN was absent on the right side and thin on the left side. The lower ventral ARAS between the PRF and the hypothalamus was thin on both sides. By contrast, on 10-month DTT, markedly increased neural connectivity of the upper ARAS was observed in both prefrontal cortexes and the right thalamus compared with 4-month DTT. However, no significant change was observed in the lower dorsal ARAS, and the reconstructed lower ventral ARAS had disappeared in both hemispheres on 10-month DTT.
Discussion
In this study, using DTT, change of the ARAS was demonstrated in a stroke patient who showed recovery from VS to MCS after comprehensive rehabilitation was evaluated. VS is regarded as permanent 3 months after nontraumatic brain injury or 12 months after traumatic injury [2] ; therefore, because more than 4 months had passed since the onset of ICH and IVH, this patient corresponded to a persistent VS. He recovered to an MCS after rehabilitation: at 10 months after onset, the patient was able to perform hand tasks such as rock-scissors-paper according to verbal command. Results of comparison of the change of the ARAS on DTT were as follows: the neural connectivity to the prefrontal cortex and thalamus was increased, no significant change of the lower dorsal ARAS, and aggravation of the lower ventral ARAS. Consequently, in this patient, it appeared that the increased connectivity to the prefrontal cortex and thalamus, which are important areas of the brain for consciousness, were responsible for recovery from a VS to an MCS. [4] [5] [6] [7] 11, 13, 14] On the other hand, preservation of the lower dorsal ARAS could be important for consciousness, whereas the lower ventral ARAS appeared not to contribute to the recovery of awareness.
Several studies have attempted to elucidate the neural difference between VS and MCS. [4] [5] [6] [7] In 2010, Fernandez-Espejo et al, [5] who investigated differences in the subcortical white matter, thalamus, and brainstem in 25 patients with VS or MCS, using diffusion weighted imaging, found differences in the subcortical white matter and thalamus in VS and MCS patients, but not in the brainstem. Other studies have reported on several supratentorial neural areas that are important for MCS which are different from those for VS. [4] [5] [6] [7] These neural areas comprise the prefrontal cortex, anterior cingulate cortex, parietal cortex, basal forebrain, thalamus, and hypothalamus. [4, 6, 7] Thus, our results showing increased neural connectivity to the prefrontal cortex and thalamus without significant change in the lower dorsal and ventral ARAS appear to coincide with those of previous studies.
[ [4] [5] [6] [7] Figure 2. Results of diffusion tensor tractography (DTT) for the ascending reticular activating system (ARAS) of the patient and a normal subject (56-year-old male). On 4-month DTT, decreased neural connectivity of the upper ARAS between the intralaminar nucleus (ILN) and the cerebral cortex was observed in both prefrontal cortexes (red arrows), right parietal cortex (yellow arrow), and right thalamus (green arrow). The lower dorsal ARAS between the pontine reticular formation (PRF) and the ILN was absent on the right side and thinner on the left side compared with the normal subject. The lower ventral ARAS between the PRF and the hypothalamus was thinner on both sides compared with the normal subject. By contrast, on 10-month DTT, marked increased neural connectivity of the upper ARAS was observed in both prefrontal cortexes (red arrows) and right thalamus (green arrows) compared with 6-month DTT. However, no significant change was observed in the lower dorsal ARAS (green arrows), and the reconstructed lower ventral ARAS (green arrows) had disappeared in both hemispheres on 10-month DTT. PRF = pontine reticular formation, ILN = intralaminar nucleus. Jang et al. Medicine (2016) 95:49 www.md-journal.com
In conclusion, change of the ARAS was demonstrated in a stroke patient who showed recovery from a VS to an MCS. It appeared that the prefrontal cortex and thalamus, which showed increased neural connectivity, contributed to recovery from a VS to an MCS in this patient. We believe that our study has an implication in the development of therapeutic strategies for patients with VS. However, the limitation of DTT should be considered: it may underestimate the fiber tracts due to regions of fiber complexity and crossing. [15] 
